We have investigated the influence of 38 kinds of metal ions on photochromism in BaMgSiO 4 (BMS). We have found that the doped Fe ions are the most effective to enhance the photochromism. The Fe-doped BMS shows great sensitivity to blue light (wavelength = 405 nm) and turns bright pink. The colored Fe-doped BMS is bleached by green light ( = 532 nm) irradiation. The coloration-bleaching process is repeatable. The color density of the photochromism depends on the wavelength of irradiation lights. We think that the photochromism enhancement is due to the electron deeper traps formed by the doped Fe ions.
Introduction
Photochromism is a reversible transformation between two states having distinguishably different absorption spectra. 1) Photochromic materials have many technological applications, such as high density optical memories, rewritable copy papers, smart windows and photoswitches. 2)5) Inorganic photochromic materials have been expected as compact high density optical memory materials with small semiconductor laser diodes. 1), 4) However, most of all inorganic photochromic materials are not sensitive to visible light, and usually exhibit low stability and slow response time. 1),3),4),6) Furthermore, inorganic photochromic materials usually exhibit poor reversibility (e.g., thermal bleached WO 3 or MoO 3 cannot be photocolored again) and monotonic coloration (usually blue color for most metal oxides). 6) We found that Eu doped BaMgSiO 4 (BMS) shows remarkable visible light photochromism during our studies of photochromism in metal oxides. 7) BMS belongs to the stuffed tridymite structure with space group P6 3 , lattice parameters a = 0.91226, c = 0.87496 nm and volume 0.6306 nm 3 . In the tridymite structure of BMS, the SiO 4 tetrahedrons are connected to each other by sharing corners and form three-dimensional tunnels, as shown in Figure 1 . The tunnels are stuffed by Ba 2+ ions. The half of the Si 4+ ions is replaced by Mg 2+ ions. Each SiO 4 tetrahedron is connected with four MgO 4 tetrahedrons and each MgO 4 tetrahedron is connected with four SiO 4 tetrahedrons, and the two types of tetrahedrons are linked by corner sharing, and build up the tridymite skeleton.
We have investigated the influence of various metal ions on photochromism in BMS, and have newly found that doped Fe ions are more effective than doped Eu ions. In this study, we report photochromism enhancement in Fe doped BMS (F-BMS) and the photochromic property. The color of F-BMS is changed from white to pink by blue or ultraviolet light irradiation, and the pink color is bleached by green light irradiation or heat treatment. These processes are repeatable.
Experimental
Metal ions doped BMS were prepared by solid state reaction between BaCO 3 (99.9%), MgCO 3 (99.9%), SiO 2 (99.9%), 0.1 mol % metal oxides (99.9%) and 10 mol % H 3 BO 3 (99.99%). 8) H 3 BO 3 was added as flux. The powders weighed in the composition of BaMgSiO 4 and they were mixed in a mortar with ethanol. After drying, the mixed powder was pressed to a pellet, which had a diameter of 20 mm and a thickness of 5 mm. The pellets kept in an alumina boat inside a horizontal tubular furnace and sintered in a reducing atmosphere (Ar + 5%H 2 ) for four hours at 1250°C. The photochromic experiments were done in air at room temperature, and Sunlight, a blue laser, a green laser and an ultraviolet (UV) lamp were used as light sources. The wavelength and intensity of the blue laser, the green laser and the UV lamp were 405 nm, 556 mW cm ¹2 , 532 nm, 1250 mW cm ¹2 , and 365 nm, 125 mW cm ¹2 , respectively. The ultravioletvisible diffuse reflectance spectrums were measured using the diffuse reflection method with a spectrophotometer.
Results and discussion
We reported that UV irradiated oxidized BMS insensibly absorbs 523 nm light and UV irradiated BMS strongly absorbs visible broad light, which is centered at 523 nm. 9) We think that the large difference between the oxidized BMS and the BMS is due to the density of oxygen vacancies. 10) Therefore, we have investigated the influence of 38 kinds of metal ions on the reflectance spectra of UV irradiated BMS. Figure 2 shows the reflectance at 523 nm of the 38 samples. The clear relationship between the reflectance and the atomic number is not observed. The reflectance is largely decreased to dope Fe, Co, Cu or Eu ions. The reflectance of the Fe doped sample (F-BMS) is the lowest in the samples. It means that Fe ions are the most effective in the photochromism enhancement. Fe 3+ ions have an ionic radius close to that of Mg 2+ , and Fe 3+ ions can displace Mg 2+ ions in BMS. Thus we think that the doped Fe 3+ ions enhance the density of electrons trapped in the oxygen defects in the F-BMS. 1),2),11), 12) Both of BMS and F-BMS samples do not absorb visible light before blue or UV light irradiation. Figure 3 shows the response of both samples to blue light irradiation. The reflectance at 523 nm drastically decreases with increasing blue light irradiation time. The reflectance reaches a steady state after 60 s, and hardly changes without light irradiation for 5 h. No significant differences in the response rate are observed in both samples. The color lifetime of metal oxides, such as WO 3 and MoO 3 , is from a few minutes to a few hours. 10) The color lifetime of Ag nanoparticles loaded TiO 2 films could be 7 days in the dark. 13) The reflectance spectrum of UV irradiated F-BMS hardly changes after 60 days in the dark. The results indicate that the colored state of the F-BMS is stable. Figure 4 shows the reflectance spectra of F-BMS samples with different amount of iron. BMS can absorb broadband light from 250 to 850 nm by doping Fe ions. Especially, the reflectance at 523 nm sharply decreases with increasing Fe concentration, and the saturating concentration is 0.4 mol %. It indicates that the reflectance of BMS is strongly influenced by doping Fe. Figure 5(a) shows the photochromism of the F-BMS. The F-BMS is changed to dark pink by sunlight irradiation. The pink is unusual color among inorganic photochromic materials. 6),14), 15) The F-BMS is changed to bright pink by blue light irradiation. The colored F-BMS is bleached by green light irradiation. The F-BMS is changed to dark pink by UV irradiation. The dark pink sample is changed to bright pink by blue light irradiation. It is interesting that the color density of the F-BMS is reversibly changed by the irradiation lights. Furthermore, it is possible to draw fine mesh patterns on the F-BMS surface. Figure 5(b) shows the reflectance spectra of the F-BMS after blue and UV light irradiation. The UV irradiation is more effective, and decreases the reflectance from 350 to 850 nm. The reflectance at 523 nm of the F-BMS is not depended on blue light irradiation time, as shown in Fig. 5(c) . The result means that the reflectance at 523 nm of the F-BMS strongly depends on the wavelength of irradiation lights. It is generally known that thermochemically reduction influences the reflectance spectra of oxides such as Al 2 O 3 and LiNbO 3 . 16),17) However, it has not been reported that the reflectance spectra of oxides is influenced by the wavelength of irradiation light. We think that the reflectance spectra depends on the transition probability of electrons, because the transition probability strongly depends on the wavelength of irradiation lights. 18) Figure 6 (a) shows the reflectance spectra of the F-BMS after each heat treatment. The reflectance increases more than 120°C, and reverts to the initial level above 300°C. Figure 6 the dependence of the reflectance at 523 nm of the BMS and the F-BMS on the heat treatment temperature. The reflectance increase of the BMS has one slope from 80 to 180°C, indicating that the BMS has one type trap. The trap depth is calculated from the slope, and the depth is 0.11 eV. The depth is larger than thermal energy (0.026 eV) at 27°C, 19) and hence is a suitable level for stabilizing colored BMS. On the other hand, the reflectance increase of the F-BMS has two slopes from 120 to 200°C and from 220 to 300°C ranges, and the F-BMS has two type traps. The two trap depths are 0.11 and 0.19 eV, and the F-BMS has deeper traps. Thus we think that the deeper traps are formed by the doped Fe ions, and the deeper traps make the photochromism enhance. 20) 22) The F-BMS is bleached after heat treatment of 320°C, and the bleached sample regains its color after UV irradiation. The F-BMS shows high reversibility in the coloration-bleaching process as shown in Fig. 6(b) . Inorganic photochromic materials usually exhibit poor reversibility (e.g., thermal bleached WO 3 or MoO 3 cannot be photocolored again). 6) It suggests that the photochromism in the F-BMS is comparatively stable for heat treatment.
Conclusions
We have found that the doped Fe ions are the most effective to enhance the photochromism. The reflectance spectrum of UV irradiated F-BMS hardly changes after 22 days in the dark. The F-BMS is changed to dark pink by sunlight irradiation. The reflectance at 523 nm of the F-BMS strongly depends on the wavelength of irradiation lights. The F-BMS is bleached after heat treatment of 320°C, and the bleached sample regains its color after UV irradiation. We think that the deeper traps make the photochromism enhance, because the F-BMS has deeper traps.
The photochromism in F-BMS could be applied to high density optical memories and photoswitches that reversibly change color by alternate irradiation with blue and green semiconductor laser diodes. The above mentioned results suggest a strategy in the design of new photochromism materials, that is, start from composite oxide semiconductors with wide bandgap and try to dope metal ions in them to change the absorption spectra.
